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Abstract
We investigated the thermal diffusion phenomena of a rod-like mutant filamentous fd-
Y21M virus in the isotropic phase, by means of an improved infrared thermal diffusion forced
Rayleigh scattering (IR-TDFRS) set-up crucial for measurements of slowly diffusing systems.
Since this is the first thermal diffusion study of a stiff anisotropic solute, we investigate the
influence of the shape anisotropy on the thermal diffusion behavior. The influence of tempera-
ture, fd-Y21M concentration and ionic strength in relation with the thermodiffusion properties
is discussed. We characterize and eliminate the effect of these parameters on the absolute
diffusion of the rods and show that diffusion determines the behavior of the Soret coefficient
because the thermal diffusion coefficient is constant in the investigate regime. Our results in-
dicate that for the thermal diffusion behavior structural changes of the surrounding water are
more important than structural changes between the charged macroions. In the investigated
temperature and concentration range, the fd-Y21M virus is thermophobic for the low salt con-
tent, while the solutions with the high salt content change from thermophobic to thermophilic
behavior with decreasing the temperature. A comparison with recent measurements of other
charged soft and biological matter systems shows that the shape anisotropy of the fd-virus
becomes not visible in the results.
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Introduction
Thermal diffusion, i.e. the mass transport caused by a temperature gradient, influences many pro-
cesses. For instance, it has been shown that thermal diffusion influences magmatic differentiation,1
convention in stars,2 microstructure of the ocean,3 biological transport,4 analysis of protein inter-
actions,5 and is also considered in the context of the "origin of life"-question.6 In the recent years
the interest in thermal diffusion or thermophoresis in biological systems and also the transport of
living matter in temperature gradients has increased. Mammalian spermatozoa responds to tem-
perature gradients, so that it is guided in the female genital tract towards the egg.7 This is also
2
known as thermotaxis and requires living sperms, so that it is not a pure thermophoretic process.
Recent simulations suggested that nucleotides and nucleic acid oligomers can be concentrated
in prebiotic deep-sea alkaline vents by means of the thermal gradients originated between the
warm volcanic rock and cold ocean water.6 Lately, it has been experimentally demonstrated that
protocells like vesicles can be concentrated in narrow channels with a thermogravitational configu-
ration,8 i.e., the thermal gradient is applied perpendicular to the gravity field into a vertical narrow
cavity. It has also been shown that a micro thermal focusing field flow fractionation technique can
be used to separate different bacterias.9 Braun and coworkers demonstrated that thermal diffusion
can trap DNA molecules,10 and that DNA self replicates in a temperature gradient.11 An all-optical
microfluidic fluorescence method has been used to determine the thermal diffusion properties of
DNA.12,13 Recently, this method has been used to study the salt dependence in the thermal diffu-
sion properties of single stranded DNA of up to 50 base pairs.14 Although there has been a lot of
activity in aqueous synthetic and biological systems, there are still many open questions. We still
do not have a microscopic description which relates shape, size, charge and hydration shell of the
molecules with the thermal diffusion behavior. It is known that sperm cells navigate from their
cooler reservoir towards the warmer location of the egg, but the thermotaxis can only be observed
as the sperms are active.15 Apparently the forces in temperature gradients, which occur in living
systems are different from the thermophoresis observed for colloidal particles. Looking at a virus
is therefore the first step towards more biological systems.
In this study we investigate the thermal diffusion phenomena of a mutant filamentous bacterio-
phage fd-(Y21M). The wild type fd-viruses have been widely used as a robust colloidal model sys-
tem, which is stable up to T = 65 ◦C.16 The main advantage of this systems is that they are rather
monodisperse and have identical structures with same physical parameters such as mass, length
and diameter.17 They have been used17–19 to test the validity of the statistical mechanical the-
ory of Onsager20 and its generalization to semiflexible chains made by Khokhlov and Semenov21
to describe the isotropic nematic phase transition. It has also been used to study sedimentation
processes of rod-like particles,22 vorticity bending in suspensions of rod-like particles23 and non-
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equilibrium phase diagrams in electric field.24 Recently, different fd-viruses have been chemically
obtained with different surface properties that could help in studies of polyelectrolyte effects and
liquid-crystaline phase behavior.25
The fd-Y21M is a natural rod-like particles of 910 nm length and diameter of 6.6 nm. They
consist of a cylindrical shell composed of approximately 2700 copies of a major coat protein (50
amino acids in length) that encapsulates a circular single stranded DNA. In one end there are five
copies of two minor proteins (genes 7 and 9) which are active in the initiation of the assembly
of the virus, and in the other end there are another five copies of two proteins (genes 6 and 3)
responsible of making up a host cell recognition complex.26,27 The single-site mutant fd-Y21M
is a more rigid rod compared to wild-type fd-Y21M virus. The persistence lengths of wild type
and fd-Y21M are 2.8±0.7 µm and 9.9±0.7 µm, respectively.19 They only differ by a single point
mutation, where the amino acid methionine takes the place of tyrosine. Mutant fd-Y21M is with
910 nm slightly longer than the wild-type.28
We investigated the solutions of fd-Y21M in the isotropic phase by means of an improved
infrared thermal diffusion forced Rayleigh scattering technique (IR-TDFRS),29 in order to deter-
mine the thermal diffusion properties of slow diffusing systems, such as fd-Y21M virus. In order
to have a workable signal to noise ratio we have to use relatively high concentrations of viruses
however always in the isotropic. Also, we anticipate that the thermal diffusion is affected by the
ionic strength, as bacteriophage fd-Y21M are polyelectrolytes. Therefore we performed our stud-
ies at high (110 mM ionic strength, hs) and low (1 mM ionic strength, ls) ionic strength. Because
the absolute diffusion is influenced both by the ionic strength and concentration we first discuss
these effects. For this we performed preliminary dynamic light scattering (DLS) experiments in
order to compare collective diffusion results from both TDFRS and DLS. Then we focus on the
temperature dependence of the thermal diffusion, DT and Soret coefficients, ST, of fd-Y21M. In
the conclusion section we summerize our main results.
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Experimental section
Sample Preparation
The fd-Y21M virus was grown and purified following standard biochemical protocols.30 We used
XL1-blue strain of Escherichia coli as the host bacteria cultured in a medium of tryptone (Fluka),
yeast extract (Sigma) and NaCl (Merck). We prepared a batch of 6 L medium infected with bac-
terial colonies, where the virus is grown. The batch was first centrifuged for 30 minutes at 5180g
in order to remove the bacteria. Then we added 2 wt% NaCl and 2 wt% polyethylene glycol
(Aldrich) to precipitate the virus from the supernatant. After centrifugation for 30 mins at 5180g,
the virus was collected and re-dispersed in a small amount of water. After this basic purification,
the virus dispersions were purified by repeated centrifugations at 108800g for around 5 hours, and
re-dispersions in the chosen buffer. Two different buffers of tris(hydroxymethyl)aminomethane
(TRIS) were selected, one with low salt content (2 mM TRIS-HCl buffer adjusted to pH=8.2),
and another one with higher salt content (20 mM TRIS-HCl + 100 mM NaCl buffer adjusted to
pH=8.2). According to Kang et al.31 the lower buffer concentration of 2 mM is still sufficient.
They showed that, if the sample is exposed to CO2 for a long time the pH value is reduced by less
than 5% over time. In our experiments the TDFRS cells are sealed with a teflon stopper so that we
do not expect a change in the pH.
Additionally, the virus was finally dialyzed against the chosen buffer. At the end, the virus
suspension in the chosen buffer was stored at 5 ◦C. Prior to use, the virus was purified again by
centrifugation at 5180g to remove potential bacteria.
Concentrations were obtained from UV absorbance measurements done with an UV-spectro-
meter (NanoDrop ND-1000, Peqlab). The optical density of fd-Y21M at 269 nm is 3.63 cm−1.19
The contrast factor (∂n/∂c)p,T of the mixtures have been determined with an Anton Paar
RXA 156 refractometer around the desired concentration (c¯ ±0.02) . The temperature control
is ∆T = ±0.01 K and the accuracy is ∆n = 0.00003. The light source is a Sodium LED with a
wavelength of 589.3±0.1 nm. In all cases, a linear dependence of the refractive index with mass
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concentration was obtained. We found a constant value of (∂n/∂c)p,T = 0.197±0.002 for low salt
buffer solutions, in the temperature range from 20 to 40 ◦C. In the case of higher salt buffer solu-
tions, the value was (∂n/∂c)p,T = 0.203±0.001. These results are close to the values (∂n/∂c)p,T
= 0.196±0.007 at 436 nm, and (∂n/∂c)p,T = 0.191±0.006 at 546 nm reported by Berkovitz and
Day32 of wild type fd-virus in KCl-P buffer.
A Michelson interferometer has been used to determine the refractive index increments with
temperature, (∂n/∂T )p,c, around the desired temperature (±2 K). The results show a constant
value of (∂n/∂T )p,c = -1.469 10−4 K−1 at 40 ◦C, -1.209 10−4 K−1 at 30 ◦C, and -0.904 10−4 K−1
at 20 ◦C for low salt buffer solutions at different fd concentrations. In the case of higher salt buffer
solutions, the values are slightly higher, (∂n/∂T )p,c = -1.480 10−4, -1.232 10−4, and -0.937 10−4
K−1, at 40, 30 and 20 ◦C, respectively.
The samples were filtered through a non-pyrogenic sterile nylon filter of 5.0 µm before filling
the optical quartz cells (Hellma) which are used in the IR-TDFRS experiments. The cells have an
optical path length of 0.2 mm. The temperature in the sample cell is controlled by a thermostat
(∆T =±0.1 K), but the actual temperature in the sample is approximately 0.35K higher due to the
heating by the IR laser at 980 nm. The experiments were repeated, at least, three times for each
temperature and concentration.
Sample Characterization
In order to check that all experiments were in the isotropic phase, we characterized qualitatively
the isotropic-nematic phase transition of fd-Y21M in both hs and ls buffers. In the experiment we
placed fd-Y21M solutions of different concentrations between two crossed polarizers. We started
from a high concentrated fd-Y21M solution and diluted the solution until we reached the isotropic
phase. The object of this experiment is not to determine accurately the isotropic-nematic phase
transition, but to select the range of fd-Y21M concentrations which are in the isotropic phase.
In Figure 1 the results for the ls buffer are shown. As it can be observed, the isotropic-nematic
phase transition is at around 3 mg/ml. Therefore, in order to be completely sure that we performed
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the experiments in the isotropic phase, we decided to study the system at concentrations up to 2
mg/ml. In Figure 2, the results for the hs buffer are shown. In this case, the isotropic-nematic phase
transition is around 13 mg/ml, which is in good agreement with the experimental value reported
by Barry et al. of 13.9 mg/ml.19
Figure 1: Isotropic-nematic phase transition for fd-Y21M in a 2mM Tris buffer at room tempera-
ture. a: 6.5 mg/ml, b: 5.2 mg/ml, c: 3.7 mg/ml, d: 3.0 mg/ml and e: 2.9 mg/ml. The images were
taken between crossed polarizers.
Figure 2: Isotropic-nematic phase transition for fd-Y21M in a 20mM Tris + 100 mM NaCl buffer
at room temperature. a: 19.8 mg/ml, b: 15.0 mg/ml, c: 13.5 mg/ml, d: 13.1 mg/ml and e: 12.4
mg/ml. The images were taken between crossed polarizers.
Infrared Thermal Diffusion Forced Rayleigh Scattering
A detailed description of the thermal diffusion forced Rayleigh scattering technique can be found in
the literature.33–38 We used the infrared thermal diffusion forced Rayleigh scattering (IR-TDFRS)
setup,29 which is optimal for aqueous solutions. The main difference is that no dye is needed
to convert the light energy into heat energy, due to the absorption of water at the wavelength
of the infrared laser beam (λw=980 nm). Recently, this technique has been used to study the
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transport properties in different aqueous systems of non-ionic surfactants39,40 and of saccharide
solutions.41,42
Summarizing what is explained in more detail in the above given references, the infrared laser
beam is split into two beams that interfere in the sample cell, creating an intensity grating. The
intensity grating is absorbed by the fluid and as a consequence, a temperature gradient builds up,
which in turn causes a concentration grating by the effect of thermal diffusion. Both temperature
and concentration gratings contribute to a combined refractive index grating which is read out by
the Bragg diffraction of an He-Ne laser (λw=633 nm). The total heterodyne scattering intensity
ζhet (t) assuming an ideal excitation with a step function is given by
ζhet (t) = 1− exp
(
− t
τth
)
−A(τ− τth)−1
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)]
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)−1
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where c is the mass concentration, τth the heat diffusion time, (∂n/∂c)p,T and (∂n/∂T )p,c are
refractive index contrast factors in respect to mass concentration at constant pressure and temper-
ature, and in respect to temperature at constant pressure and mass concentration, respectively. The
Soret coefficient ST =DT/D can be expressed as ratio of the thermal diffusion coefficient, DT, and
the collective diffusion coefficient, D. Whereas D= 1/(q2τ) can be calculated from the diffusion
time, τ , in Eq. (1) using q the magnitude of the grating vector which is given by
q=
4pi
λw
sin
θ
2
(3)
where θ is the angle between the two writing beams at the wavelength λw. The transport coeffi-
cients are determined by fitting (Eq. (1)) to the measured heterodyne signal and deconvoluting the
excitation function.43,44
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We have modified the IR-TDFRS technique in order to improve the measurements of slow
diffusing systems, such as fd-Y21M virus. A sketch of the IR-TDFRS setup is shown in Figure 3.
The amelioration consist of two parts. First, the simultaneous record of the excitation function and
diffracted signal (through the cell), so any external disturbance (thermal or mechanical) will affect
both recorded signals in the same way. Secondly, the control of the grating position by the video
camera, which assures a better stability of the grating for long term measurements. This has been
achieved by replacing the original flip mirrors29 in front of the cell and the camera, by a glass plate
with a high transmission and a low reflectivity (10) and by a grey filter (12), respectively. Using
a grey filter in front of the camera avoids ghost images on the camera due to internal reflections
within the glass. For the phase synchronization of the excitation function we use a line grating,
with the same period as the optical grating in its image plane (16). This line grating is mounted
on a motorized translational stage. This can be moved perpendicular to the optical axis, so that
the phase of the excitation function can be determined and adjusted. Using this additional grating
reduces the noise in the determination of the phase. Simultaneously, also the camera measures the
phase of the grating and a control loop is locking this phase for long time measurements by means
of the piezo mirror (8), if this is necessary.
In Figure 4, we show two normalized heterodyne signals for a solution of 2 mg/ml fd-Y21M
in a 2 mM TRIS buffer and in a 20 mM TRIS buffer plus 100 mM NaCl salt, respectively. The
experimental data points (open symbols) are averaged over 2000 runs, and the lines are the fitted
functions according to Eq. (1). It can be observed that the thermal plateau is reached after 0.1 ms.
The concentration plateau is reached at 7 s for the ls solution with 2 mg/ml fd-Y21M, while for the
hs solution with same fd-Y21M concentration, the equilibrium is reached after approximately 20
s. In the example with the ls buffer, the amplitude of the concentration plateau is positive, which
means that the fd-Y21M virus goes to the cold and its ST is positive. In contrast the amplitude of
the concentration plateau is negative for the hs buffer, which implies that the fd-Y21M virus goes
to the warm and its ST is negative.
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Figure 3: Sketch of the infrared TDFRS setup. (1) Infrared laser 980nm, (2) HeNe laser 633 nm,
(3) pinhole, (4) spatial filter, (5) beam splitter, (6) λ /2 plate, (7) double Pockels cell, (8) piezo
mirror, (9) Glan-Thompson polarizer, (10) glass plate with high transmission and low reflectivity,
(11) infrared transmission filter and microscope objective with a reticle, (12) grey filter, (13) CCD
camera, (14) sample cell holder, (15) filter, (16) grating on motorized stage with a lens, (17) mono
mode fiber, and (18) avalanche diode (one to record the cell signal and another one to record the
excitation function).
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Figure 4: Normalized heterodyne signal for fd-Y21M in the studied two buffers with 2 mg/ml fd-
Y21M concentration at 20 ◦C. The solid lines represent a fit of the experimental data to equation
Eq. (1).
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Results and Discussion
All experimental values obtained for ST, D and DT are listed in Table 1 and Table 2, for low
salt (ls) and high salt (hs) solutions respectively. Figure 5 plots the results of thermal diffusion,
collective diffusion and Soret coefficients as function of fd-Y21M concentration, for the different
temperatures and concentrations.
Due to the complexity of the data we separate the discussion of the results of ST, D and DT. In
the first two parts we focus on the effect of concentration and ionic strength. Then we focus on the
effect of temperature for both buffered solutions.
Table 1: Thermal diffusion, collective mass diffusion and Soret coefficients of Y21M fd-virus
at different concentrations and temperatures in a 2 mM TRIS-HCl buffer, pH=8.2.
fd concentration temperature ST D DT
/ mg ml−1 / ◦C / K−1 / 10−12 m2s−1 / 10−12 m2s−1K−1
0.5
40 0.999±0.004 5.58±0.14 5.59±0.13
30 0.805±0.026 4.37±0.31 3.51±0.34
20 0.518±0.038 3.36±0.38 1.75±0.32
1.0
40 0.682±0.007 9.14±0.58 6.25±0.35
30 0.583±0.004 7.15±0.21 4.15±0.15
20 0.401±0.020 5.65±0.03 2.27±0.12
2.0
40 0.385±0.006 14.9±1.29 5.73±0.43
30 0.312±0.002 11.9±0.37 3.71±0.13
20 0.220±0.005 9.65±0.17 2.13±0.06
fd-Y21M concentration influence
In Figure 5 the experimental results of thermal diffusion, collective diffusion and Soret coefficients
are shown as function of fd-Y21M concentration. In hs and ls solutions, DT remains constant,
independent of the fd-Y21M concentration. This means that the tendency of fd-Y21M to go either
to the cold or to the warm side is independent of the concentration in the solution. A similiar
concentration dependence of DT has also been found for polymers and colloids in the low concen-
tration regime.45,46 Typically it is expected that DT decreases for higher concentration, but these
concentration are certainly in the nematic regime of the fd-Y21M.
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Table 2: Thermal diffusion, collective mass diffusion and Soret coefficients of Y21M fd-virus
at different concentrations and temperatures in a 20 mM TRIS-HCl + 100 mM NaCl buffer,
pH=8.2.
fd concentration temperature ST D DT
/ mg ml−1 / ◦C / K−1 / 10−12 m2s−1 / 10−12 m2s−1K−1
1.0
40 0.412±0.053 3.75±0.10 1.54±0.19
30 0.148±0.006 2.72±0.16 0.40±0.04
20 -0.261±0.043 2.08±0.28 -0.54±0.02
2.0
40 0.424±0.019 4.09±0.25 1.73±0.10
30 0.133±0.001 3.73±0.14 0.50±0.02
20 -0.243±0.018 2.51±0.22 -0.61±0.01
3.0
40 0.346±0.021 4.78±0.21 1.66±0.16
30 0.116±0.006 4.19±0.34 0.48±0.04
20 -0.197±0.018 2.96±0.18 -0.58±0.05
In ls solutions D increases with concentration for all investigated temperatures by a factor of
2.7-2.9, which depends slightly on the fd-Y21M concentration, while in hs solutions D increases
by 30% with increasing fd-Y21M concentration. The reason is that in a system with repulsive inter-
actions between particles, the collective diffusion increases with increasing particle concentration
due to an increasing osmotic pressure.
At very low fd-Y21M concentrations, below the overlap concentration, c*, the self-diffusion
coefficient should be equal to the collective or cooperative diffusion coefficient.47 A direct compar-
ison at these very low concentrations between DLS and TDFRS measurements was not possible,
because the optical contrast in the TDFRS measurements was too low. Extrapolation of the pre-
liminary data indicates that the DLS and TDFRS data approach each other. Future research and
systematic DLS studies will have to identify the contribution of the dynamic structure factor at the
fairly large scattering angles of θ ≥ 20◦ compared to θ = 3◦ in the IR-TDFRS.
Regarding the Soret coefficient, in ls solutions ST decreases with increasing fd-Y21M concen-
tration, while for hs solutions it remains almost constant. This effect is only due to the change of
D with fd-Y21M concentration as explained in the last paragraph, because DT is independent of
concentration.
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Figure 5: Concentration dependence of DT, D and ST coefficients of fd-Y21M at different temper-
atures and in two different buffers. Open symbols correspond to the high salt (hs) buffer of 20 mM
Tris + 100 mM NaCl. Filled symbols correspond to the low salt (ls) buffer of 2 mM Tris.
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Ionic strength dependence
The ionic strength, I, of the ls solution is 1 mM, but the addition of fd-Y21M to the solution
increases I. Depending on the fd-Y21M concentration, I changes from 1.14 mM (c=0.5 mg/ml)
to 1.55 mM (c=2.0 mg/ml). For that calculation we used a charge density per length of 10 e
nm−1,18,48 and a molecular weight of 1.64 107 g mol−1. In hs solutions, I is 110-111 mM, where
the contribution of fd-Y21M to the ionic strength is below 1%.
In the studied temperatures and fd-Y21M concentration range, the transport properties D and
DT show higher values for the low ionic strength solutions. The addition of salt to a charged
system reduces the repulsive interactions between the particles. Therefore, an increase of the ionic
strength leads to a slower collective diffusion, provided temperature and concentration are kept
constant. Likewise, the increase of D with increasing fd-Y21M concentration is less pronounced
in hs solutions. In very diluted solutions of fd-Y21M, D may be practically independent of the
ionic strength.
Lower values of D are found in solutions with a higher salt content. This might be counter
intuitive, because due to the larger Debye length of the macroions at low salt content their volume is
larger than in the case of high salinity, so that they should diffuse faster in the later case. This holds
for the long-time self diffusion coefficient,49 but not for the collective diffusion coefficient, which
can be expressed as D(q) = D0(H(q)/S(q)) within the Smoluchowski dynamics of overdamped
particle motion. The diffusion coefficient of an isolated particle is denoted asD0, the hydrodynamic
function as H(q) and the static structure factor as S(q). In the long wave length limit S(q) can be
approximated by S (0) ≡ lim
q→0
S (q) = ρ0kBTχT and is proportional to the osmotic compressibility
χT = 1/ρ0 (∂ρ0/∂ p)T .50 Due to the fact that the osmotic compressibility increases with increasing
salt content the collective diffusion becomes smaller. The same observation has been made for
apoferritin by Gapinski et al.51 Only for very high volume fractions the situation might be inversed
since then the hydrodynamic interactions dominate the behavior.52
Regarding the Soret coefficient, in general, an increase of the ionic strength decreases the value
of ST, although increasing temperature and fd-Y21M concentration makes the differences smaller.
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A similar tendency of ST with temperature, concentration and ionic strength dependence has also
been found for lysozyme solutions.53 Using the empirical equation Eq. (4), one could extrapolate
the data to determine the sign change temperature for ls solutions, which would be at 8.2, 8.6 and
2.6 ◦C for fd-Y21M concentrations of 0.5 mg/ml, 1.0 mg/ml, and 2.0 mg/ml, respectively. Then,
the Soret sign change temperature increases with increasing ionic strength. The knowledge of the
temperature at which the Soret coefficient is zero is important from the point of view that any
temperature disturbance in the system (small temperature gradients) will not create any fd-Y21M
mass separation, and therefore fd-Y21M concentration will be homogeneous.
Recently, Ning et al.54 showed that ST of Ludox, polystyrene spheres,13 and sodium dodecyl
sulfate suspensions55 increases as function of the Debye length, λDH. In the present study, in
general, ST of fd-Y21M also increases with λDH. The Debye length of ls solutions is between 7.7
nm and 9.0 nm at 20 ◦C, depending on the fd-Y21M concentration, whereas in hs solutions λDH is
0.9 nm. At high temperatures, 40 ◦C, the Soret coefficient is almost identical for ls and hs solutions
with 2 mg/ml fd-Y21M concentration, although the Debye length has a difference of one order of
magnitude.
Temperature influence
In Figure 6 the thermal diffusion, collective diffusion and Soret coefficients are shown as function
of the temperature. All three properties, DT, D and ST, increase with increasing temperature.
In ls solutions, DT is always positive in the studied range of temperatures, which means that fd-
Y21M moves to the cold side. To some extent the temperature dependence of DT is influenced by
the viscosity change with temperature as it had also been observed by Stadelmaier and Köhler.56
Additionally, changes in the interactions with temperature influence the thermal diffusion behav-
ior. This becomes even more evident for the hs solutions, where DT changes its sign around 26
◦C. At temperatures below 26 ◦C, DT is negative, meaning that fd-Y21M moves to the warm side,
while at temperatures above 26 ◦C, DT is positive, which means that fd-Y21M moves to the cold
region. The physical mechanism of this sign change with temperature is not well understood, al-
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though it has been observed for many aqueous systems, such as aqueous mono and oligosaccharide
solutions,41,42 aqueous polysaccharide solutions,57 DNA,13 proteins solutions58 and polypeptide
solutions.59 A recent systematic study by Vigolo et al.60 of aqueous sodiumdodecyl sulfate solu-
tions with different salt content showed also the same trend and it turned out that the thermoelectric
contribution was not correlated with the thermal diffusion behavior.
For the fd-Y21M in water we observe that the system becomes more thermophilic with de-
creasing temperature. It is reasonable to assume that the hydrogen bonds become also stronger
with decreasing temperature.61 This explains the sign change at lower temperatures, where the
hydrogen bonds are stronger compared to higher temperatures. The addition of salt has a similiar
effect as lowering the temperature. This induces a higher order in the inner and outer hydration
cell around the ions and leads also to a lower DT. So the reduction of the temperature as well
as the addition of salt results in a higher structure of the water molecules, which leads to a more
thermophilic behavior of the fd-Y21M virus. Also Vigolo et al.60 observed a lowering of DT with
increasing salt content, but the attempt to correlate the thermoelectric contribution with the thermal
diffusion behavior failed. The increasing salt content at constant fd-Y21M concentration as well
as an increase of the temperature will decrease the structure between the rod-like particles.62 Re-
garding these two aspects we do not find a correlation with the thermal diffusion coeffcient. While
DT increase with increasing temperature it decreases with increasing salt content. Therefore, we
conclude that the structural changes of the solvent surrounding the solute particles have a larger
influence on the thermal diffusion behavior than the interactions between the solute particles. This
implies that the interparticle interactions, which are certainly present because all investigated con-
centrations are well above the overlap concentration, influence the dynamics of the solution, but
are less important for the thermal diffusion behavior of the system. This finding confirms the im-
portance of the solvent structure on the thermal diffusion behavior and coincides with an earlier
finding for polyethylenoxid in ethanol/water mixture,63 which shows a sign change of the thermal
diffusion behavior of the polymer once the hydrogen structure of water breaks due to the added
ethanol.
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Considering the collective diffusion coefficient, as one can expect, it increases with increasing
temperature due to the decreasing viscosity with increasing temperature. Keeping the temperature
constant D decreases by approx. 60-70% due to the added salt, if we compare the ls and hs
solutions at fd-Y21M concentration of 1-2 mg/ml.
As expected for this slow diffusing charged rod-like particle the determined Soret coefficients
are almost three orders of magnitude larger than the values obtained for low molecular weight
mixtures, but the values are comparable to other biopolymers such as DNA.13 Although the Soret
coefficient is fairly large, the expected concentration separation in our set-up, the IR-TDFRS,
is only in the order of ∆c = 10−4mg/ml due to the small temperature difference in the order of
∆T = 100µK.29
The increase of ST with temperature is more pronounced for hs solutions compared to ls so-
lutions. Nevertheless the change in the slope due to addition of the salt is comparable with other
charged systems such as sodiumdodecyl sulfate micelles60 and seems not to be influenced by the
anisotropic shape of the virus. In hs solutions there is a sign change of ST and the variation of ST
for different concentrations is less pronounced as in the case of ls. The temperature at which the
sign change occurs is independent of the fd-Y21M concentration. At higher temperatures, the val-
ues of ST of hs and ls solutions approach each other, to the point that at the fd-Y21M concentration
of 2 mg/ml the Soret coefficient of hs solution is slightly higher than that of the ls solution.
Iacopini et al. suggested to describe temperature dependence of ST by the following empirical
equation59
ST (T ) = S∞T
[
1− exp
(
Tinv−T
T0
)]
(4)
where S∞T represents a high-T thermophobic limit, Tinv is the temperature where ST changes sign,
and T0 represents the strength of temperature effects.
More recently, it has been identified that a single master curve is obtained when rescaling the
temperature to Tinv and ST to S∞T .
60 Then Eq. (4) becomes
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ST
(
T˜
)
S∞T
= 1− exp[A(1− T˜ )] (5)
where T˜ = T/Tinv and A = Tinv/T0. Although there has been no physical picture developed for
Eq. (4) and Eq. (5), they describe the experimental data reasonably well.
They found that for sodium dodecyl sulfate solutions, the experimental results fitted to Eq. (5),
are independent of the ionic strength of the solution. In the present work we used two different
buffers with different ionic strength, therefore we checked the validity of Eq. (5) for fd-Y21M
virus. In Figure 7, the results, according to equation Eq. (5), of fd-Y21M for the solutions with
fd-Y21M concentration of 1 mg/ml and 2 mg/ml are shown. Keeping the fd-Y21M concentration
constant, the results fit quite well to Eq. (5). In addition to what Vigolo et al. pointed out,60 that
for a specific particle system there are only two free parameters, our results indicate that the mass
concentration has to be constant. Otherwise, different values of A can be expected (cf Figure 7,
A = 15.1 and A = 6.6 for fd-Y21M concentrations of 1 mg/ml and 2 mg/ml, respectively). Only
for the low concentration our A-value agrees with that of Vigolo et al.60
Conclusion
The temperature, concentration and ionic strength dependence of the thermal diffusion behavior
of mutant fd-Y21M virus has been studied. DT, D and ST increase with increasing temperature.
In the studied range of temperatures and fd-Y21M concentrations the fd-Y21M virus changes
its thermophoretic behavior in solutions with an ionic strength of 110 mM. At these quite high
salt solutions, at temperatures below 26 ◦C, fd-Y21M is thermophilic, while above 26 ◦C it is
thermophobic. Decreasing the ionic strength of the buffer leads to a Soret sign change at lower
temperatures. In general, an increase of the ionic strength decreases the values of the thermal
transport properties. Correlating the structural changes of the water and the macroions induced
by the salt variation with the thermal diffusion behavior it turns out that the thermal diffusion
behavior is influenced by the water structure change but not by the structural changes between the
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Figure 6: Temperature dependence of DT, D and ST coefficients of fd-Y21M at different concen-
trations and in two different buffers. Open symbols correspond to the high salt (hs) buffer of 20
mM Tris + 100 mM NaCl. Filled symbols correspond to the low salt (ls) buffer of 2 mM Tris.
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Figure 7: Temperature dependence of the Soret coefficient of fd-Y21M at 1 mg/ml (top plot) and 2
mg/ml (bottom plot) according to equation Eq. (5). hs and ls mean high salt and low salt solutions,
respectively.
20
macroions. DT is practically independent of the fd-Y21M concentration, while D increases with
increasing fd-Y21M concentration, specially in low ionic strength solutions. This is due to the fact
that fd-Y21M is an interacting system with repulsive interactions between the fd-Y21M viruses,
and therefore D will increase with increasing the fd-Y21M concentration, and will decrease with
increasing the ionic strength of the buffer. In both cases this is a free volume effect. If the salt
content is low, the interactions are long ranged, so that the movement is restricted and also an
increase of the fd-Y21M virus concentration leads to a reduced free volume.
The suitability of the thermal diffusion forced Rayleigh scattering technique to study such slow
diffusing systems is underlined. So far we do not see an influence of the rod-like shape of the fd-
Y21M virus on the thermal diffusion properties. For instance we see also an increase of ST with
increasing Debye length as it has been observed for spherical Ludox particles.54 Further we saw,
that the empirical equation Eq. (5) works for these rod-like particles. Here we would like to point
out that changing the concentration of the particles leads to a different parameter set. Finally, we
can conclude that the rod-like virus fd-Y21M behaves as colloidal or polymeric model system.
We did not find a signature of the anisotropy nor of the virus character in the thermal diffusion
behavior.
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